Transfection of Brassica campestris leaves with cauliflower mosaic virus (CaMV) harboring a mammalian metallothionein (MT) cDNA at the ORFII position lowered the glucosinolate (GS) concentration to approximately one-half the level in leaves infected with wild-type CaMV. This suppression was independent of the plant's sulfate status, suggesting that the pathways for protein (MT) and GS biosynthesis were competing for S on an equal basis. The expression of MT may have lowered the endogenous levels of Cys, 3'-phosphoadenosine-5'-phosphosulfate, or Met, all of which are required for GS synthesis in B. campestris. These results indicate that the introduction of structural genes coding for high levels of specific amino acids can be used to alter the production of nonproteinaceous molecules within plants.
Glucosinolates2 are sulfur-containing compounds which occur in dicotyledonous plants, most notably important crops in the family Cruciferae (8) . These compounds lower the economic value of plants and seeds because they impart a pungent taste and low palatability to the foodstuff, as well as yielding toxic cleavage products within the digestive systems of mammals and birds (17) .
Metallothioneins are proteins involved in the binding and detoxification of heavy metals in animals (16) . They contain high levels of Cys (30 mol % compared with an average frequency of approximately 4 mol %, see ref. 7) . In a previous study (1 1) , it was shown that CaMV could be employed as an effective expression vector for MT in Brassica campestris. This mammalian gene product was produced at a level of approximately 5% of the soluble leaf protein. In addition, the MT functioned normally (i.e. bound and detoxified cadmium ions) and was stable within the plant cells.
The present study shows that the production of MT in transfected turnip cells lowers the endogenous [GS] and that the ratio of GS levels between leaves which were and were not producing MT appeared to be independent of the sulfur nutrition of the plant. ' 
CaMV Vectors
Cloned CaMV in pUC8 was employed as an expression vector for MT as previously described (1 1 To infect plants, the viral genomes were released from the bacterial cloning vectors by digestion with SalI. Then 10 ,ug of this mixture of DNA in 25 ,L TE buffer containing 1 mg diatomaceous earth (Grade 1, Sigma) was rubbed onto each leaf. Inoculation was performed on the first two nonseed leaves when they reached maturity. The systemic infection of newly expanding leaves was apparent in 3 to 4 weeks.
Glucosinolate and Sulfate Analyses
In order to avoid possible differences in GS profiles associated with leaf position, sample analysis was always performed on the seventh mature leafjust prior to its full growth expansion. In the virally infected plants, this was also the first leaf to show systemic symptoms. Whole leaf samples were frozen in liquid nitrogen, freeze dried, and stored at -200C until needed.
Glucosinolate analysis was performed by the method of
McGregor (14) . Cellular sulfate levels were measured as previously described (10) . Total sulfur was determined on samples which had been digested according to the method of Tabatabai and Bremner (18) . RESULTS Table I shows the GS, sulfate, and total sulfur contents of position seven leaves of Brassica campestris cv. Just Right which had been grown with or without the provision of mineral ions. Isolation of the viral genomes from infected leaves and their analyses on agarose gels as previously described (11) indicated that the infection level was similar between the Ca-BB 1 and Ca-MTII treatments (data not shown). In well-nourished plants, leaves which were systemically infected with Ca-MTII had approximately one-half the total GS content of both uninfected and Ca-BBR infected leaves. This was also true for the major forms of GS (3-butenyl-and 4-pentenyl-GS). The other GS molecules detected were 2-hydroxy-3-butenyl-GS, 4-hydroxy-3-butenyl-GS, 2-phenylethyl-GS, 3-indolylmethyl-GS, 3-(4-methoxy)-indolylmethyl-GS, and 3-(1-methoxy)indolylmethyl-GS. These GSs, by comparison to the major types, were present at low concentrations, and some were absent from a number ofleaf samples. The forms and quantities ofGS in these leaves were similar to those presented in previous reports (2, 6) . In contrast to the decline in GS levels, sulfate and total S concentrations were not altered by the production of MT in the transfected leaves.
AND DISCUSSION
In nutrient-deprived plants, total GS levels in the Ca-MTII treatment were also one-half of the Ca-BB1 infected plants, even though these leaves contained low levels of GS, sulfate, and total S by comparison to the nutrient-sufficient leaves. In fact, the uninfected leaves were light-green to yellow at the time of sampling and, as such, appeared to be senescing as a result of inadequate mineral nutrition.
In a study of the tropical legume, Macroptilium atropurpureum (3), it was shown that the young expanding leaves were the first to become sulfate deprived, and they were, therefore, the most susceptible organs to this form of mineral stress. Because pathogens are known to establish nutrient sinks within host tissues (13), it is reasonable to assume that CaMV infection postponed the onset of senescence in the young B. campestris leaves.
MT contains 30 mol % Cys residues and was present at a level of 5% of the soluble protein in transfected leaves (1 1) which would account for an appreciable increase in the proteinaceous demand for Cys, particularly in light of the fact that viral infection mobilizes protein synthesis onto ORFs encoded for within its own genome. This amount of MT being synthesized in Ca-MTII-infected leaves was high enough to suppress GS production.
The biosynthesis of GSs involves the incorporation of S at two distinct steps (9, 20) . The first is the transfer of S, most likely from Cys, into thiohydroximic acids and later in the biosynthetic pathway, the second step comprises the sulfation of desulfoglucosinolates from PAPS (4, 19) . Therefore, direct competition for S between GS and MT in Ca-MTII infected leaves could have occurred between the first incorporative step in the GS pathway and the consumption of Cys destined for protein synthesis. The size of the Cys pool within plants is known to be strictly regulated, thus preventing the excessive release of toxic H2S from this amino acid source (5, 12) . Given these constraints, any increase in the demand for Cys could affect the concentrations of all S-containing organic compounds within the plant even if sulfate levels are not altered. Since PAPS itself is required for Cys synthesis, its concentration should also be suppressed, thereby further limiting GS production at the second incorporative step. In addition, methionine is required to make aldoximes of GSs reported in Table I . During this process, there is no net consumption of S because it is removed from Met and, as such, this S becomes available for recycling through Cys and PAPS. Nevertheless, any decrease in the supply of S for Met synthesis could limit GS production. Therefore, in Ca-MTIIinfected leaves, there are three possible steps at which GS biosynthesis could have been limited; they are, sequentially in the biosynthetic pathway, those which require Met, Cys, and PAPS.
The ratio of [GS] in Ca-MTII to that in Ca-BB1-infected leaves was independent of the plant's sulfur status. Therefore, it appears that this restriction in S supply had equivalent effects on both MT and GS production (i.e. they are equal competitors for S).
This study has shown that the introduction of artificial metabolic sinks is feasible within plants. Through the expression of a foreign gene product rich in the amino acid Cys, S was directed away from the GS synthetic pathway, thereby decreasing the cellular levels of these undesirable secondary metabolites. From the perspective of employing the introduction of MT genes into Crucifers as a genetic engineering strategy with which to lower the concentration of, or eliminate, GS in crop plants, this study was encouraging because the effect was pronounced even in well nourished plants where endogenous sulfate was not limiting growth. These favorable growth conditions would closely resemble those provided by conventional agronomic practices.
